We study the low-energy dynamics in three-dimensional N = 2 exceptional gauge theories with matters in a fundamental representation, especially focusing on confinement phases and on a quantum structure of the Coulomb branch in the moduli space of vacua. We argue that the confinement phases of these exceptional gauge theories have a single Coulomb branch. The 3d s-confinement phases for the exceptional gauge groups are associated with quantum-deformed moduli spaces of the corresponding 4d N = 1 exceptional gauge theories.
Introduction
Supersymmetry allows us to exactly capture low-energy behaviors of strongly-coupled and non-perturbative gauge theories by using various non-renormalization theorems and holomorphy [1] . Depending on the number of dynamical quarks, the theory exhibits supersymmetry breaking, confinement, non-abelian Coulomb phases and so on. For a non-abelian Coulomb phase, Seiberg duality [2] claims that the low-energy dynamics is equivalent to a magnetic dual theory with a different gauge group.
In this paper, we are interested in s-confinement phases of the 3d N = 2 supersymmetric gauge theories. The s-confinement is a confining phase without symmetry breaking at the origin of the moduli space [1, 3, 4] . The dual description becomes a non-gauge theory with gauge-singlet chiral superfields. From a viewpoint of the Seiberg duality, s-confinement corresponds to the case with vanishing magnetic gauge groups. After the Seiberg duality was first proposed in a simplest case [1] , many similar dualities were found in 4d [5] [6] [7] [8] [9] [10] . However, these dualities are not all generalized to 3d dualities 1 . This is because the 3d theory has a Coulomb moduli space from the vector superfield, which is extremely modified from the classical picture due to quantum and non-perturbative effects. The lack of this understanding makes the construction of the 3d Seiberg duality very difficult. In this paper, we will give a quantum structure of the Coulomb branch of the 3d N = 2 exceptional gauge theories, paying attention to the s-confining phases. The corresponding 4d theories were studied in the literature [19] [20] [21] [22] [23] [24] .
In four dimensional cases, the quantum low-energy phases are classified by the index constraint of the dynamical quarks [3, 4, 23, 25] . In order to have an s-confinement phase, the moduli fields cannot have any singularity at the origin of the moduli space. In addition, the gauge singlets (confined degrees of freedom) must be constrained by effective superpotentials in order to reduce the number of the independent Higgs branch operators, which results in a certain index constraints on the matter content
where T 2 (r i ) represents the Dynkin index of the representation r i for the dynamical matter. The summation is taken over all the chiral superfields coupled with the vector multiplet. For phases with a quantum deformed moduli space to be possible, r-charges of certain products of the moduli coordinates should be canceled. This is possible only when the matter content satisfies a similar index constraint.
In three dimensional cases, a similar index constraint was obtained in [26, 27] for ChernSimons-matter theories by requiring that the Witten index (see [28, 29] ) should be unity.
This results in the following index constraint
where k is a Chern-Simons level. Furthermore, as noticed in [30] [31] [32] [33] , the 3d s-confinement phases are related to the 4d quantum-deformed moduli space via the dimensional reduction procedure. Therefore, it is natural to expect that the 3d s-confinement could appear from the 3d Yang-Mills theories with the index constraint (1.2). As is well known, these index constraints are not sufficient but necessary conditions. Hence, it would be very important to examine whether or not the theories satisfying the index constraint actually exhibit sconfinement. In this paper, we investigate the 3d N = 2 exceptional gauge theories with fundamental matters, especially focusing on the s-confinement phases with the constraint (1.2). The 3d G 2 case was already studied by the author [34] . The rest of this paper is organized as follows. In Section 2, we will review the low-energy dynamics of the 3d N = 2 G 2 gauge theory with fundamental matters, which illustrates how the classical Coulomb branch in the moduli space of vacua is truncated and modified. We discuss what kind of Coulomb branch can remain exactly massless and stable. From Section 3 to Section 5, we will study the 3d N = 2 F 4 , E 6 and E 7 gauge theories with fundamental matters by focusing on the s-confinement phases. For the E 6 case, we can consider "chiral" and "vector-like" theories by changing the numbers of fundamental and anti-fundamental matters. In Section 6, we summarize these results and discuss future directions.
3d N = G gauge theory
In this section, we briefly review the low-energy dynamics of the 3d N = 2 G 2 gauge theory with F fundamental matters. This was studied in [34] whereas the 4d N = 1 G 2 gauge theory was studied in [7, 24, 35, 36] . For the analysis of the Higgs branch which is the same as the 4d one, see [7, 24, 35, 36] . The elementary fields and their quantum numbers are summarized in Table 1 . As opposed to the 4d case, the global symmetry of the theory is SU(F ) × U(1) × U(1) R since there is no chiral anomaly. 
B := Q 3 1 3 3r
Classically, there are various Coulomb branches which are accessible by tuning the vacuum expectation values of the adjoint scalar in a G 2 vector superfield. These are described by combinations of two monopole operators corresponding to two simple roots in the G 2 algebra. Along these Coulomb branches, by dualizing the resulting U(1) vector superfield, we can obtain the Coulomb branch coordinates which are the chiral superfields. In the G 2 case, we can see two breaking patterns 2 where the SU(2) subgroup is unbroken
Quantum-mechanically, the first Coulomb branch is not allowed since the low-energy SU(2) gauge theory includes no massless dynamical quark and since its vacuum is unstable due to the Affleck-Harvey-Witten superpotential [30, 39, 40] . Therefore, the first Coulomb branch is removed from the quantum moduli space although it is classically allowed. On the other hand, the second Coulomb branch is quantum-mechanically flat and supersymmetric since the massless component 3 0 from the fundamental matter allows a supersymmetric and stable vacuum. As a result, we need to introduce a single coordinate Z SU (2) to parametrize the second Coulomb branch. For a more detailed analysis of the G 2 Coulomb branch, see [34] . From Table 1 , we can write down non-singular effective superpotentials for the range 1 ≤ F ≤ 4 as follows
where λ is a Lagrange multiplier field. For F = 4 where (1.2) is satisfied, the theory is in an s-confinement phase and the low-energy dynamics is described by the gauge singlet chiral superfields M, B, F and Z SU (2) . Importantly, the origin of the moduli space is not singular and realizes the confinement without symmetry breaking. The F-flatness condition of Z SU (2) leads to det M = F 2 + BMB which realizes a classical syzygy between the Higgs branch operators [24] . For F = 3, the low-energy theory is described by M, B and Z SU (2) although these are related by one constraint Z SU (2) (det M − B
2 ) = 1. Therefore, the origin of the moduli space is removed. Therefore, the confining phase with F = 3 is necessarily accompanied by global symmetry breaking. For F ≤ 2, there is no stable SUSY vacuum. In the following sections, we will be interested in the s-confinement phases for other exceptional gauge groups.
3d N = 2 F 4 gauge theory
We start with the s-confinement phase in the 3d N = 2 F 4 gauge theory with F fundamental matters. The dimension of the fundamental representation is 26 whereas the adjoint representation is denoted by 52. The Coulomb branch of the 3d N = 2 pure F 4 SYM theory without a matter was studied in [41] which focuses on the relation between the 3d and 4d theories. The low-energy dynamics of the 4d N = 1 F 4 gauge theory with F fundamental matters was studied in [22] [23] [24] . The Higgs branch in the 3d theory is the same as the 4d one and it is summarized in Table 4 . 
Let us consider the Coulomb branch in the 3d N = 2 F 4 gauge theory with F fundamental matters. Classically, the dimension of the Coulomb branch is four and described by four (fundamental) monopole operators corresponding to the simple roots in the F 4 algebra. However, the most of the classical Coulomb branches are not allowed since the vacuum of the unbroken gauge group is non-perturbatively unstable and non-supersymmetric. Table  2 shows the numbers of the fermion zero-modes for the fundamental monopoles. The zeromodes of the adjoint fermion come from the gaugino field in the vector superfield. Since Y 1 and Y 2 only have two gaugino zero-modes, these monopoles can create a non-perturbative superpotential [39] 
For the pure F 4 SYM theory without a matter, the monopole generates a similar potential for Y 3 and Y 4 as well and lifts all the Coulomb branches. As a result, the 3d N = 2 pure F 4 SYM theory is not supersymmetric [41] . For the theory with fundamental matters, it would be natural to think that the Coulomb branch becomes two-dimensional due to (3.1).
In the following discussion, we show that there are indeed two Coulomb branch operators and discuss their stability. The first Coulomb branch denoted by Z U Sp (6) corresponds to the gauge symmetry break-ing
where 14 is a trace-less anti-symmetric tensor and 21 is an adjoint (symmetric) tensor in the unbroken USp(6) subgroup. The Coulomb branch operator Z U Sp (6) corresponds to the dualized chiral superfield constructed from the low-energy U(1) vector superfield. The components with non-zero U(1) charges are all massive and integrated-out. This leads to the mixed Chern-Simons term between the U(1) gauge and global symmetries
where Q 26 is a global charge of the fundamental matters and Q λ is a global charge of the gaugino field. This operator can be exactly massless since the low-energy USp(6) gauge theory has massless dynamical matters 14 0 and its vacuum is made stable and supersymmetric. The second candidate of the Coulomb branch operators that can survive quantum corrections corresponds to the gauge symmetry breaking
We denote this operator as Z SO (7) . Along this branch, the fundamental matter reduces to the massless vector representation 7 0 which can make the vacuum of the low-energy SO (7) theory stable and supersymmetric. This is possible only for F ≥ 5 [42] . In this paper, we are interested in confinement phases and we will find that the s-confinement occurs in F = 3. Therefore, we don't consider the SO(7) direction of the Coulomb branch in what follows. The zero-modes for these two monopole operators are listed in Table 3 . The s-confinement phase appears in the 3d N = 2 F 4 gauge theory with three fundamental matters, where the index constraint (1.2) is satisfied. The Higgs branch is studied in four dimensions [22] [23] [24] and described by six composite operators. From Table 4 , we can write down a effective superpotential as follows.
The F-flatness condition for Z U Sp (6) imposes one constraint between the Higgs branch operators and this is consistent with the classical Higgs branch: At a generic point of the Higgs branch, the gauge group is completely higgsed. Therefore, the 2×26 components of the three fundamental matters are eaten via the Higgs mechanism. The remaining components which explain the classical dimensions of the Higgs branch is 26-dimensional. The total number of the Higgs branch operators introduced in Table 4 is 27 and the F-flatness condition for Z U Sp(6) correctly reduces them by one. Table 4 : 3d N = 2 F 4 gauge theory with F = 3 fundamental matters
Let us test the validity of the above s-confinement phase by flowing to the Higgs branch where the low-energy theory becomes a 3d N = 2 Spin(9) theory with three vectors and two spinors. This can be achieved by introducing a rank-1 vacuum expectation value to M 33 2
Along this breaking, the fundamental matter is decomposed as 26 → 1 + 9 + 16 and a single 16 is eaten via the Higgs mechanism. In [43] , it was shown that the 3d N = 2 Spin(9) theory with three vectors and two spinors exhibits an s-confinement phase with a single Coulomb branch. The Coulomb branch of the low-energy Spin(9) theory has 14 matter fermion zero-modes from vector and spinor matters. The low-energy Coulomb branch is identified with Z U Sp(6) v 4 , where v 4 is absorbing four fermion zero-modes. This flow is consistent with our analysis of the F 4 s-confinement phase.
Next, we consider a different Higgs branch along which the SO(8) gauge symmetry remains unbroken. This can be achieved by introducing a non-zero expectation value to a fundamental matter such that
The fundamental representation is decomposed as 26 → 8 v + 8 s + 8 c + 1 + 1. The low-energy theory becomes a 3d N = 2 Spin(8) gauge theory with two vectors, two spinors and two conjugate spinors. This theory was recently studied in [43] and its low-energy theory exhibits s-confinement. The Coulomb branch of the Spin(8) theory is one-dimensional and the monopole associated with this operator has 12 fermion zero-modes from the matter fields. This is consistent with the Coulomb branch for the F 4 theory since the two fundamental 26 matters (one fundamental matter is eaten via the Higgs mechanism.) have 12 fermion-zero modes.
We can connect the 3d and 4d dynamics by putting the 4d N = 1 F 4 gauge theory with three fundamental matters on a circle. When the 4d theory is defined in S 1 × R 3 , there is an additional monopole configuration known as a KK-monopole [30, 41, 44, 45] , which is a twisted instanton in S 1 ×R 3 . The KK-monopole generates a non-perturbative superpotential
where η is a dynamical scale of the 4d gauge interaction. By combining the two effective superpotentials (3.9) and (3.10), and by integrating out the Coulomb branch which is absent in a 4d limit, we can reproduce the 4d quantum-deformed constraint on the moduli space [22, 23] . This serves as another test of our analysis. The similar analysis based on the Coulomb branch Z U Sp(6) is possible for small flavors F ≤ 2. For F = 1 and F = 2, we find that the symmetry argument is consistent with the following effective superpotentials
(3.12)
These are runaway superpotentials and we can conclude that there is no stable supersymmetric vacuum for F = 1, 2.
3d N = 2 E 6 gauge theory
Let us move on to the 3d N = 2 E 6 gauge theory with dynamical matters in (anti-)fundamental representations. Again, we mostly restrict our attention to the s-confinement phase. The corresponding 4d theory was studied in [19] [20] [21] [22] [23] [24] . The structure of the Higgs branch is the same as the 4d one. In 4d, there are the three examples which exhibit a quantum-deformed moduli space [22, 23] with the index constraint (1.2) satisfied. Corresponding to these cases, we will find the s-confinement descriptions of the 3d E 6 gauge theories.
Since we are studying the 3d theory, there is a Coulomb branch of the adjoint scalar from the vector superfield. When the Coulomb branch operator Z SU (6) obtains a non-zero expectation value, the gauge group is spontaneously broken to E 6 → su(6) × u(1) (4.1)
This operator was studied also in the 4d N = 1 E 6 pure SYM theory defined on a circle [41] . The massless components 15 0 and 15 0 can make the vacuum of the low-energy SU(6) gauge theory stable and supersymmetric. Therefore, this branch could be quantum-mechanically stable and exactly massless. For a pure E 6 SYM theory without a matter, the low-energy SU(6) pure SYM theory generates a runaway potential [30, 39] and there is no stable Coulomb brach. The massive components are integrated out and lead to the mixed Chern-Simons terms which give rise to the non-trivial charges of the Coulomb branch operator [26] . The zero-modes of the monopole corresponding to Z SU (6) is summarized in Table 5 . Based on this Coulomb brach, we find three examples of s-confinement. 
E 6 with four fundamental matters
The first example is a 3d N = 2 E 6 gauge theory with four fundamental matters. The quantum numbers of the Higgs and Coulomb branch operators are summarized in Table 6 . The effective superpotential becomes
which is consistent with all the symmetries. By giving an expectation value to B := f abc Q a Q b Q c = v 3 , the gauge group is higgsed to F 4 . The matter fields are decomposed into 27 → 26 + 1 and a single fundamental matter is eaten via the Higgs mechanism. Hence, the low-energy description becomes a 3d N = 2 F 4 gauge theory with three fundamental matters, which was studied in the previous section and exhibits an s-confinement phase. In the dual (confining) description, D is identified with v 3 N 9 while C is decomposed into N 6 , vN 5 and v 2 N 4 . The cubic composite B reduces to vM 2 and M 3 . By inserting them into (4.5), the F 4 superpotential (3.9) is re-derived. The highand low-energy Coulomb branches are identified as Z SU (6) v 6 ∼ Z U Sp (6) .
When the 4d N = 2 E 6 gauge theory is put on a circle, the twisted instanton, which is known also as a KK-monopole, generates a non-perturbative superpotential
where η is a dynamical scale of the 4d gauge interaction. In the 4d limit (de-compactification limit), the Coulomb brach is massive and should be integrated out. By combining (4.5) and (4.6), we can reproduce the 4d quantum-deformed moduli space [22, 23] . This is another consistency check of our analysis. We can also study the low-energy dynamics of the 3d N = 2 E 6 gauge theory with F < 4 fundamental matters by using the Coulomb branch Z SU (6) . For F = 1 and F = 2, the Higgs branch is described only by B = Q 3 . For F = 3, the Higgs branch is described by B = Q 3 and C = Q 6 . For these cases, the effective superpotentials become 8) which are consistent with all the symmetries. These are also consistent with the F 4 superpotentials (3.11) and (3.12) via the deformation of B = v 3 . These superpotentials are runaway and there is no stable supersymmetric vacuum for 1 ≤ F ≤ 3. By introducing the non-perturbative superpotential from the KK-monopole (4.6), which is available for all F , and by integrating out the Coulomb branch operator, we can reproduce the 4d effective superpotential for F ≤ 4 [22] . Table 6 : 3d N = 2 E 6 gauge theory with 4
E 6 with two (anti-)fundamental flavors
In the E 6 gauge group, we can freely introduce fundamental and anti-fundamental quarks since there is no chiral and parity gauge anomalies in 4d and 3d, respectively. The next example is a 3d N = 2 E 6 gauge theory with two fundamental and two anti-fundamental matters, which is a "vector-like" theory. The corresponding 4d theory was studied in [23] . The Higgs branch operators are summarized in Table 7 . The Coulomb branch is described by a single operator Z SU (6) . We will not explicitly write down the effective superpotential. In the superpotential, the Coulomb branch operator linearly couples to a homogeneous function of (Q,Q) with degree Q 12Q12 . Table 7 : 3d N = 2 E 6 gauge theory with 2( + )
We can connect this low-energy dynamcis to the known s-confining phases. First, let us introduce a non-zero vev for M 22 QQ = v 2 , which breaks the gauge group into Spin(10). The matter fields are decomposed into 27 → 16 + 10 + 1 (4.9)
and a single set of a spinor and a conjugate spinor is eaten via the Higgs mechanism. As a result, we can flow to the 3d N = 2 Spin(10) gauge theory with four vectors, one spinor and one conjugate spinor. This theory was studied in [43] and it was shown that the low-energy dynamics is in s-confinement. The low-energy Coulomb branch operator is identified with Z SU (6) v 8 . Alternatively, by giving a non-zero vev to B := f abc Q a Q b Q c = v 3 , the low-energy theory becomes a 3d N = 2 F 4 gauge theory with three fundamental matters, which is again s-confining. The high-and low-energy Coulomb branches are related by Z SU (6) v 6 ∼ Z U Sp (6) . This is consistent with our analysis of the Coulomb branches since v 6 is absorbing six fermion zero-modes of Z SU (6) and Z SU (6) v 6 has 18 zero-modes.
E 6 with three fundamental and one anti-fundamental matters
The third example is a 3d N = 2 E 6 gauge theory with three fundamental matters and a single anti-fundamental matter, which is a "chiral" theory. The monopole operator corresponding to Z SU (6) has 18 fundamental zero-modes and 6 anti-fundamental zero-modes. The matter fields and the moduli coordinates are summarized in Table 8 . In the effective superpotential, the Coulomb branch operator Z SU (6) linearly couples to a homogeneous function of (Q,Q) with degree Q 18Q6 . At a generic point of the Higgs branch, the E 6 gauge symmetry could be completely higgsed. Hence, the dimension of the classical Higgs branch is 30. The total number of the Higgs branch coordinates is 31 and one constraint must be imposed between them. The F-flatness condition for Z SU (6) correctly reduces them by one.
As in the previous subsection, by introducing a vev to M 31 QQ = v 2 , we can flow to the 3d Spin(10) theory with four vectors and two spinors. As studied in [43] , the low-energy dynamics of the Spin(10) theory exhibits s-confinement. The low-energy Coulomb branch of the Spin(10) theory is identified with Z SU (6) v 8 . Alternatively, when B obtains a non-zero vev, the theory flows to the 3d N = 2 F 4 gauge theory with three fundamental matters, which was studied in the previous section and exhibits s-confinement. SU ( is satisfied. The Higgs branch 3 is studied in 4d [22] [23] [24] and its coordinates for F = 3 are summarized in Table 9 . We here focus on the analysis of the Coulomb branch in the 3d N = 2 E 7 gauge theory, which is absent in 4d. The Coulomb branch denoted by Z SO (12) corresponds to the gauge symmetry breaking
where Z SO (12) corresponds to the unbroken U(1) subgroup. This Coulomb branch was studied in [41] to study the 4d N = 1 E 7 pure SYM theory without a matter on a circle. In this breaking, the massless component 32 ′ 0 from the fundamental representations can make the low-energy vacuum of the Spin(12) gauge theory stable and supersymmetric. Therefore, this branch can be exactly massless after including the quantum corrections. The mixed ChernSimons terms are generated due to the one-loop diagrams of the massive components which have non-zero U(1) charges. This leads to a non-trivial mixing between the U(1) global and topological symmetries. The components 12 ±1 generate 12 fermion zero-modes around the monopole background associated with Z SO (12) . The massive components 1 ±2 +32 ±1 from the gaugino field have the 34 adjoint zero-modes around the monopole. These zero-modes give rise to the non-zero charges to the Coulomb branch operator Z SO (12) as in Table 9 . Although we will not explicitly write down the effective superpotential of the s-confining phase for F = 3, the Coulomb branch Z SO (12) linearly couples to a homogeneous function of the Higgs branch operators with degree Q 36 in the superpotential. By flowing to the Higgs branch, we can find the consistency of the Coulomb branch introduced above. When a single fundamental matter obtains a non-zero vacuum expectation value such that B 4 is non-zero, the E 7 gauge group is higgsed into the E 6 gauge group. The fundamental 56 matter reduces to the (anti-)fundamental flavors 27 + 27 (plus two singlets) and the Higgs mechanism eats a single set of 27 + 27. Therefore, the theory flows to the 3d N = 2 E 6 gauge theory with two (anti-)fundamental flavors. This theory was studied in the previous section, which exhibited the s-confinement phase. From a viewpoint of the above breaking (5.1), giving a vev to 56 corresponds to a vev for 32 ′ 0 , which breaks SO(12) into SU (6) . This is consistent with the Coulomb branch Z SU (6) of the E 6 theory. The two sets of massive vectors 12 ±1 (one set of 12 ±1 is eaten via the Higgs mechanism.) create 24 fermion zero-modes and exactly the same as the zero-modes of the E 6 Coulomb branch. The lowand high-energy Coulomb branches are related as
where v is a vev for the fundamental matter 56. We can introduce another expectation value to M 2 (a composite constructed from an anti-symmetric invariant tensor f αβ ), where the theory flows to the 3d N = 2 Spin(11) theory with five vectors and one spinor. As studied in [43] , the low-energy dynamics of the Spin(11) theory exhibits s-confinement. This is another test of our analysis. 
We can connect the 3d theory to the 4d N = 1 E 7 gauge theory with three fundamental matters. The 4d low-energy dynamics exhibits a quantum-deformed moduli space with a single constraint [22, 23] . By putting the 4d theory on a circle-compactified manifold S 1 ×R 3 , we can connect the low-energy 3d and 4d dynamics. When the 4d theory is defined on a circle, we have an additional monopole configuration known as a KK-monopole (or called a twisted instanton) which generates a non-perturbative superpotential [30, 41, 44] 
where we defined η := Λ b . Λ is a dynamical scale of the 4d gauge interaction and b is a coefficient of the one-loop beta function. By adding this potential to the 3d s-confinement phase and integrating over the Coulomb branch operator which is absent in a 4d limit, we can recover the 4d deformed moduli space studied in [22, 23] .
Summary and Discussion
In this paper, we found the s-confinement phases for the 3d N = 2 exceptional gauge theories with fundamental matters by identifying the quantum Coulomb branch operators which are stable and exactly massless. We observed that the s-confinement phases appear when the index constraint (1.2) is satisfied. Those new examples include F 4 , E 6 and E 7 gauge groups, where the Coulomb branch operators preserve USp(6), SU(6) and SO(12) gauge symmetries, respectively. We argued that the Coulomb branch operators discussed here are connected to each other via the Higgs branch flow. By giving a non-zero vev to the other Higgs branch coordinate, we can also flow to the known s-confinement phases of the 3d N = 2 Spin(N) gauge theories [43] . For the E 6 cases, we studied the "chiral" and "vector-like" theories with fundamental and anti-fundamental matters. By introducing the non-perturbative superpotential from the KK-monopole (a twisted instanton on S 1 × R 3 ), we reproduced the quantum-deformed moduli space of the corresponding 4d theories.
In this paper, we focused on the s-confinement phases of the exceptional gauge theories. Therefore, the number of the fundamental flavors was restricted from above. For the theory with more flavors, it will be anticipated that the theory has a non-abelian Coulomb phase and hence the moduli space will include singularities which signal that there are additional massless degrees of freedom along the singularities. As we briefly explained in the F 4 case, the Coulomb branch for the theory with more fundamental matters can have additional Coulomb branch and the low-energy analysis will become more complicated. It would be important to investigate those phases. This additional Coulomb branch is consistent with the analysis of the 3d Spin(N) gauge theories [43] where we need to introduce various Coulomb branch operators depending on the number of spinor matters. As a further check of this, we can compute the superconformal indices [46] [47] [48] by employing a localization technique. This will be left as a future work.
For the exceptional gauge groups, the self-dualities were proposed in 4d [7, [19] [20] [21] ] although they do not satisfy the 't Hooft anomaly matching conditions of the discrete symmetries except for the G 2 case [49] . The resolution of this mismatch is to consider the Kutasovtype duality [8, 9, 49] which is a Seiberg duality with a tree-level superpotential breaking the discrete symmetries. However, it is not clear whether or not this way out completely cures the problem. It is worthwhile studying the 3d and 4d dualities for the exceptional gauge theories and more rigorously test the validity of the proposed dualities.
